With data from recently available selective antagonists for the 5-HT7 receptor, it has been hypothesized that 5-hydroxytryptamine (5-HT)-induced hypothermia is mediated by the 5-HT7 receptor, an effect previously attributed to other receptor subtypes. It has been established that the biologically active lipid oleamide allosterically interacts with the 5-HT7 receptor to regulate its transmission. The most well characterized effects of oleamide administration are induction of sleep and hypothermia. Here, we demonstrate, by using mice lacking the 5-HT7 receptor, that 5-HTinduced hypothermia is mediated by the 5-HT7 receptor. Both 5-HT and 5-carboxamidotryptamine, a 5-HT1 and 5-HT7 receptor agonist, in physiological doses fail to induce hypothermia in 5-HT7 knockout mice. In contrast, oleamide was equally effective in inducing hypothermia in mice lacking the 5-HT7 receptors as in wild-type mice. When administered together, 5-HT and oleamide showed additive or greater than additive effects in reducing body temperature. Taken together, the results show that 5-HT-induced hypothermia is mediated by the 5-HT7 receptor, and that oleamide may act through an independent mechanism as well as at an allosteric 5-HT7 receptor site to regulate body temperature.
T he 5-HT 7 receptor is one of the most recently described members of the large family of serotonin [5-hydroxytryptamine (5-HT)] receptors (1, 2) . cDNA clones of the mRNAs encoding this receptor have been isolated from several different species, including mouse, rat, guinea pig, and human. In all species, the 5-HT 7 receptor shows a consistent mRNA distribution pattern within the brain (1, 3, 4) and ligand binding profile (5) (6) (7) (8) . The 5-HT 7 receptor is mainly localized to the hypothalamus, hippocampus, and frontal cortex.
Functionally, the 5-HT 7 receptor has been shown to stimulate cAMP formation (1, 2, 6, 7) . This stimulation has been linked to the activation of a calmodulin-regulated adenylyl cyclase (9) . The existence of several splice variants of the 5-HT 7 receptor mRNA has been clearly demonstrated (10) (11) (12) . The variants encode receptors that have slightly different lengths of the C termini, but with no detectable difference in tissue distributions or functional couplings (13) . The 5-HT 7 receptor has also been detected in the periphery, where it is found primarily in smooth muscle cells of blood vessels (2, 14) , but also in the gastrointestinal tract (2) .
Early studies established a pharmacological profile that distinguished 5-HT 7 receptors from other 5-HT receptors. The 5-HT 7 receptor shows a high affinity for 5-HT, 5-carboxamidotryptamine (5-CT), and methiothepin, relatively high affinity for 8-hydroxy-[N-n-dipropyl-N-(3Ј-iodo-2Јpropenyl)amino]tetralin (8-OH-DPAT) and ritanserin, and low affinity for pindolol and buspirone (1, 15) . Recently, more selective antagonists have been described (16) (17) (18) (19) , developments that will facilitate the characterization of the 5-HT 7 receptor.
The 5-HT 7 receptor has been linked to a number of physiological and pathophysiological phenomena. Early evidence supported by the pharmacological profile suggested that the 5-HT 7 receptor mediates the 5-HT-induced phase resetting of the circadian clock within the suprachiasmatic nucleus of the hypothalamus (1) . The ability of 5-HT 7 receptors to mediate smooth muscle relaxation (14, 20) has led to the suggestion that ligands may have therapeutic value in migraine (21) . The 5-HT 7 receptor has also been implicated in endocrine regulation and neuropsychiatric disorders (22) . Especially intriguing is the possible involvement in disregulated circadian rhythms and depression, as antidepressants induce c-fos expression and down-regulate 5-HT 7 receptor binding in the suprachiasmatic nucleus (23) .
It is well established that 5-HT plays a role in thermoregulation and that systemic administration of 5-HT leads to hypothermia in rats, mice, guinea pigs, and rabbits (24) (25) (26) . Several studies have attempted to establish which 5-HT receptors mediate this regulation. Early evidence suggested that a 5-HT 1 receptor subtype was involved (25) . A subsequent study suggested the involvement of peripheral and central 5-HT 2 receptors (24), a finding that was disputed in a later study demonstrating that the 5-HT 2A receptor most likely is not involved (27) . At the time, it was instead speculated that 5-HT 1A and 5-HT 2A receptors had opposite effects, at least in the rat. The evidence supporting a role for the 5-HT 1A receptor in 5-HT-induced hypothermia was largely based on data from using 8-OH-DPAT as a ligand (28) . Because 8-OH-DPAT has affinity also for the 5-HT 7 receptor, it can be hypothesized that this receptor is involved in 5-HT-mediated thermoregulation. A study using a new selective 5-HT 7 receptor antagonist, SB-269970-A, supported this idea (19) ; this report demonstrated that hypothermia induced by 5-CT could be antagonized by the selective antagonist, but not by antagonists selective for 5-HT 1A/1B and 5-HT 1B/1D receptors. Furthermore, the unselective antagonist metergoline, which has high affinity for the 5-HT 7 receptor, was able to block the hypothermia induced by 5-CT. The fact that both peripheral (24) and central (25) administration of 5-HT yields similar hypothermic responses indicates that the effect is mainly centrally mediated (29) . Such a mechanism is further supported by the finding that peripherally administered 5-HT can penetrate the blood-brain barrier (30) . Similar conclusions have been drawn with regard to 5-CT, which also exhibits similar hypothermic responses after central and peripheral administration (19) .
A large body of evidence has established an interaction between the 5-HT 7 receptor and the lipid oleamide (31) (32) (33) (34) (35) , suggesting that oleamide allosterically regulates the 5-HT 7 receptor (32, 34, 35) . Oleamide is an amidated fatty acid that was originally discovered in the cerebrospinal fluid of sleep-deprived cats (36, 37) . Oleamide belongs to a family of lipids that includes the endogenous ligands for the cannabinoid receptors (38) . There is evidence suggesting that oleamide interacts with these receptors, but this has not been demonstrated conclusively (38, 39) . Neither has a specific receptor for oleamide been demonstrated. Oleamide has been demonstrated to induce sleep in several mammals (37, 40, 41) . Furthermore, it has been established that oleamide has a hypothermia-inducing effect after systemic administration (38) (39) (40) . In cells expressing the 5-HT 7 receptor subtype, oleamide has been shown to increase cAMP accumulation in a concentration-dependent fashion, but with a lower efficacy than that observed for 5-HT (32) . In the presence of 5-HT, oleamide was shown to have the opposite effect on cAMP, causing insurmountable antagonism of the concentration-effect curve to 5-HT. These results have been interpreted to indicate that oleamide acts at an apparent allosteric site on the 5-HT 7 receptor and elicits functional responses via activation of this site. Receptor binding studies have supported this hypothesis unambiguously (34, 35) . Furthermore, it has been demonstrated that oleamide induces increases in c-fos mRNA expression within distinct nuclei of the thalamus and hypothalamus, where the majority of neurons express the 5-HT 7 receptor (31).
We have generated a mouse strain with a targeted disruption of the 5-HT 7 receptor gene (5-HT 7 Ϫ/Ϫ mice). Here, we have used this mouse strain to test the dual hypotheses that 5-HT and oleamide induce hypothermia by acting at the 5-HT 7 receptor.
Materials and Methods
Targeted Disruption of the 5-HT7 Receptor Gene. The mouse 5-HT 7 receptor gene was isolated from a library made from genomic DNA from strain 129͞SvJ. The sequence of a 4.5-kb BamHISacI fragment of the 5-HT 7 gene containing its 0.76-kb exon II was fully determined. The neomycin expression cassette pMC1NeoPolyA (Stratagene), which directs neo expression from the TK promoter, was inserted into an MluI site within exon II, at the 3Ј end of a region encoding the fifth transmembrane domain of 5-HT 7 (Fig. 1A) . A thymidine kinase expression cassette, derived from pMC1tk (42), was attached 5Ј of the short arm of the knockout construct so that nonhomologous integrants could be selected against. The sequence of this construct, which should direct expression of a nonfunctional, truncated 5-HT 7 protein, was verified. This construct should inactivate all splice forms of the receptor. The construct was transfected into 129Sv͞Ev embryonic stem cells. Cells in which one copy of the 5-HT 7 receptor gene had been inactivated by homologous recombination were isolated, and these cells were used to produce mice that gave germ-line transmission of the modified gene, all using standard methods (43) . These were successfully bred with the C57BL͞6J strain, and offspring in expected ratios for various crossings were obtained. Homozygotes were viable and fertile. The animals used in the present study were back-crossed for at least eight generations on a C57BL͞6J background.
Experimental Animals. In total, 44 6-to 8-week-old mice were used, 21 male and 23 female. 5-HT 7 ϩ/ϩ siblings were used as controls. Because of the limited availability of animals, there was some overlap between the experimental groups resulting in individual animals being given more than one of the drugs or doses tested. In such cases, at least 72 h was allowed between injections to the same animal. A minimum of six animals was included in each experimental group. Drug Treatments. 5-Hydroxytryptamine (Sigma), 5-carboxamidotryptamine (Sigma), or oleamide (gift from Dale Boger, The Scripps Research Institute) was given as a single intraperitoneal injection by using the doses indicated in a volume of 0.5 ml; 5-HT and 5-CT were dissolved in 0.9% saline, and 0.9% saline was used as control. Oleamide was dissolved in 100% ethanol to a 10ϫ concentration and then diluted in saline immediately before injection, and 10% ethanol in saline was used as control.
Temperature Recordings. Core body temperature was measured by using a rectal thermometer probe. A basal value was measured at the time of injection, and then measurements were made every 30 min for 2 h. All experiments were started at 0900 h. There was no difference in basal body temperature between 5-HT 7 ϩ/ϩ and 5-HT 7 Ϫ/Ϫ mice (35.24 Ϯ 0.14°C and 35.59 Ϯ 0.15°C, respectively).
Statistical Analysis. Analysis of variance was used to analyze the rectal temperature data. Dunnett's test was used for post hoc comparisons. Differences were considered significant at P Ͻ 0.05.
Results
Targeted Disruption of the 5-HT7 Receptor Gene. To generate mice lacking functional 5-HT 7 receptors, the second exon of the 5-HT 7 gene was disrupted by homologous recombination (Fig. 1 A) . The modified gene including flanking sequence from the 5-HT 7 gene was cloned from 5-HT 7 Ϫ/Ϫ mice and sequenced to verify correct insertion of the construct. Southern blots (Fig. 1B) also verify the correct insertion and were routinely (in combination with a PCR assay) used to genotype animals used for breeding and the present study. A Northern blot indicates that an aberrant message is present in the 5-HT 7 Ϫ/Ϫ mice ( Fig. 1 C and D) . Its size is consistent with it representing the wild-type transcript bearing the inactivating insertion. Because of the presence of multiple stop codons within the construct, it should not be possible to translate this message into a functional receptor.
Effects of 5-HT and 5-CT on Body
Temperature. There were no differences observed between males and females in any of the experiments (not shown) allowing data from both sexes to be pooled. There was no difference in basal temperature between 5-HT 7 ϩ/ϩ and 5-HT 7 Ϫ/Ϫ mice at the beginning of each experiment. Saline injections had no effect on core body temperature in either 5-HT 7 ϩ/ϩ or 5-HT 7 Ϫ/Ϫ mice. 5-HT (5 mg͞kg) induced significant hypothermia in 5-HT 7 ϩ/ϩ mice with a peak effect at 30 min after the injection (Fig. 2) . The maximum reduction in body temperature was Ϸ2.5°C. After 2 h, the body temperature had returned to base level. In contrast, 5-HT had no significant effect on body temperature in the 5-HT 7 Ϫ/Ϫ mice. Thus, 5-HTinduced hypothermia is at least primarily mediated by the 5-HT 7 receptor.
A dose-dependent decrease in body temperature was caused by 5-CT in 5-HT 7 ϩ/ϩ mice (Fig. 3) . A submaximal dose (0.5 mg͞kg 5-CT) had a peak effect at 30 min with a 2.0°C reduction (Fig. 3A) . At the end of the recording period, the temperature had returned to the base level. A higher dose (3 mg͞kg) reduced the temperature by 3.4°C at 30 min and then continued to potentiate this decrease during the 2-h recording period (Fig.  3B) . The lower dose of 5-CT had no effect on body temperature in the 5-HT 7 Ϫ/Ϫ mice. However, a significant decrease was observed in the 5-HT 7 Ϫ/Ϫ animals with the high dose (3 mg͞kg), although this decrease was significantly less pronounced than that in the 5-HT 7 ϩ/ϩ mice. Thus, the hypothermia-inducing effect of 5-CT is also primarily mediated by the 5-HT 7 receptor, particularly at lower doses of 5-CT. Ϫ/Ϫ mice, respectively. At the lower dose, temperature had returned to base level at the end of the recording period, whereas it remained significantly reduced, at least in the 5-HT 7 ϩ/ϩ mice, with the higher dose (Fig. 4B) . Thus, the 5-HT 7 receptor does not play a major role in the hypothermia-inducing effect of oleamide.
Effects of 5-HT in Combination with Oleamide on Body Temperature.
A dose of 1 mg͞kg oleamide in combination with 5-HT (5 mg͞kg) caused a significant decrease in body temperature of both 5-HT 7 ϩ/ϩ and 5-HT 7 Ϫ/Ϫ mice (Fig. 5) . The effect in the 5-HT 7 ϩ/ϩ mice was significantly greater than that in the 5-HT 7 Ϫ/Ϫ mice. At 60 min postinjection, the body temperature was decreased by 5.5°C in the 5-HT 7 ϩ/ϩ mice and remained significantly reduced during the length of the recording period. These data are similar to the sum of the data from Figs. 2 and 4A (Fig. 5B) .
Discussion
There are two groups of major findings in the present study. First, 5-HT and 5-CT at physiological doses could not induce hypothermia in 5-HT 7 Ϫ/Ϫ mice. Second, oleamide induces hypothermia similarly in both 5-HT 7 ϩ/ϩ and 5-HT 7 Ϫ/Ϫ mice. In 5-HT 7 ϩ/ϩ mice, 5-HT (5 mg͞kg) caused a reduction of body temperature with a magnitude and time course similar to that found in previous studies (24) . Hence, it is unlikely that there are strain differences with regard to thermoregulation in the background strain (C57BL͞6J) of mice used for breeding the mice in the present study and mice used in other studies. Nevertheless, littermates were used as controls throughout this study to control for possible strain differences. In the 5-HT 7 Ϫ/Ϫ mice, 5-HT (5 mg͞kg) failed to elicit a hypothermic response. The 5-HT 7 Ϫ/Ϫ mice do not express any overt behavioral phenotype, and the control temperature recordings show that the basal thermoregulation is normal in these mice. Thus, it can be concluded that the hypothermic response to 5-HT in normal mice is mediated mainly by the 5-HT 7 receptor.
Similarly, 5-CT induced hypothermia in the 5-HT 7 ϩ/ϩ mice with magnitudes and time courses similar to that found in previous reports within the dose range used in the present study (19) . As has been observed earlier (19) , the higher dose (3 mg͞kg) elicited a prolonged hypothermia that did not return to basal levels within the 2-h recording period. The lower dose (0.5 mg͞kg) of 5-CT did not affect body temperature in the 5-HT 7 Ϫ/Ϫ mice. In these mice, the higher dose induced a small, but significant and sustained, hypothermia. The mechanism behind this reduction in body temperature may be because of several factors. In addition to acting at 5-HT 7 receptors, 5-CT is an unselective agonist for 5-HT 1 type receptors. It has previously been hypothesized that 5-HT͞5-CT-induced hypothermia is mediated by 5-HT 1 receptors (19, 24, 25) , and thus the observed hypothermia could be explained by stimulation of 5-HT 1 receptors. A previous study has shown that a selective 5-HT 7 receptor antagonist was able to fully block hypothermia induced by a low dose of 5-CT (0.3 mg͞kg) (19) , a finding consistent with the present result. It is, however, not known whether the antagonist is able to block the sustained hypothermia induced by higher doses of 5-CT or if this effect can partly be attributed to 5-HT 1 receptors. Although some controversy persists, it has also been suggested that 5-HT 2 receptors may be involved in 5-HT-induced hypothermia (26, 27) . Based on the selective antagonist data, such an explanation also seems unlikely (19) . It is also possible that the prolonged hypothermia observed with high doses of 5-CT is because of nonphysiological and unspecific interactions. Oleamide induced hypothermia in a dose-dependent manner and with time courses and magnitudes similar to those previously observed (38) (39) (40) in both the 5-HT 7 ϩ/ϩ and 5-HT 7 Ϫ/Ϫ mice. These findings make it unlikely that the primary mechanism of action for oleamide is a direct activation the 5-HT 7 receptor, but rather suggest that oleamide acts on a site different from the 5-HT 7 receptor to induce hypothermia. A receptor or other specific site of action for oleamide has not been established. As oleamide is a member of the family of compounds believed to be the endogenous ligands for the cannabinoid receptors, it may be hypothesized that oleamide reduces body temperature by acting at these receptors. It has been shown that other cannabinoid agonists induce hypothermia by acting on CB 1 cannabinoid receptors (44) . Cannabinoid receptor antagonists have also been shown to block the hypnotic effect of oleamide (39, 45) . Thus, we propose that 5-HT and oleamide induce hypothermia by independent mechanisms.
When oleamide (1 mg͞kg) was given in combination with 5-HT (5 mg͞kg), a small but significant hypothermic response could be observed in the 5-HT 7 Ϫ/Ϫ mice. In view of the results above, this effect is most likely attributable to oleamide alone. Although a comparison of the results where 5-HT and oleamide were given alone and in combination mainly indicate additive effects, another possibility is that oleamide potentiated 5-HT acting on a 5-HT receptor other than 5-HT 7 . Oleamide is known to potentiate the 5-HT 1A , 5-HT 2A , and 5-HT 2C receptors (46, 47) , also by acting on cannabinoid receptors (48) . In fact, when oleamide and 5-HT were given together, they induced a hypothermia in the 5-HT 7 ϩ/ϩ mice that was greater than an additive effect, at least at the 60 min and later time point. Although one study has found that oleamide decreases the affinity of 5-HT 7 receptors (34) and another that oleamide inhibits 5-HT-induced cAMP formation mediated by 5-HT 7 receptors (32), there is also evidence that oleamide promotes high affinity 5-HT binding at the 5-HT 7 receptor (35) and that 5-HT 7 receptor-expressing neurons are activated by oleamide (31) , as determined by c-fos expression. Except for the c-fos study, these results were obtained by using cell lines transfected with the 5-HT 7 receptor. Thus, it may be hypothesized that in the intact animal, oleamide acts at an allosteric site on the 5-HT 7 receptor to mediate an enhanced hypothermic response.
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